Vector Specificity, Host Range, and Genetic Diversity of Tomato chlorosis virus Tomato chlorosis virus (ToCV), genus Crinivirus, family Closteroviridae, originally was identified in 1996 from greenhouse-grown tomato plants (Lycopersicon esculentum Mill.) with symptoms termed "yellow leaf disorder" from northern Florida. These tomato plants exhibited symptoms including interveinal chlorosis, leaf brittleness, and limited necrotic flecking or leaf bronzing (Fig. 1) . Although symptoms on tomato were nearly identical to those associated with infection by the previously characterized crinivirus, Tomato infectious chlorosis virus (TICV), ToCV subsequently was found to be a distinct virus (29) . Whereas TICV is transmitted exclusively by the greenhouse whitefly (Trialeurodes vaporariorum Westwood), ToCV can be transmitted by T. vaporariorum and also by the banded wing whitefly (T. abutilonea Haldeman) and Bemisia tabaci (Gennadius) biotypes A and B (4, 5) . Furthermore, the two viruses can be distinguished using differential molecular probes (29) .
The genome of ToCV is typical of criniviruses, consisting of two genomic positive-sense RNAs (28) , encapsidated as long flexuous virions approximately 800 to 850 nm in length (13) . RNA1 encodes four open reading frames (ORFs), the largest of which encode proteins associated with virus replication (11, 28) , and RNA2 encodes up to nine ORFs encoding proteins involved in a multitude of functions, including virus encapsidation, cell-to-cell movement, membrane association, and whitefly transmission (2, 3, 11, 16, (19) (20) (21) 24, 28, 30) .
ToCV is an emerging virus and has been detected in tomato from many parts of the world, including the United States (29) , Puerto Rico (27) , Europe (1, 7, 14, 17) , Morocco (10) , Taiwan (25) , and, most recently, Israel (22) . In the United States, ToCV is primarily a problem for field tomato in the southeast, particularly in Florida, but it also has been found in greenhouse production facilities throughout many parts of the country. ToCV also is increasing in prevalence throughout the Mediterranean region, having been found in numerous countries within the last 5 years. Many but not all of these outbreaks have been associated with greenhouse tomato production, where vector populations can build to high levels. In addition to tomato, ToCV has been shown to infect some cultivars of pepper (Capsicum annuum L.), resulting in symptoms of interveinal yellowing, mild leaf curling, and stunting (15) .
ToCV has a relatively long latent period in infected host plants, often not inducing symptoms until 3 to 4 weeks after infection. If nursery plants are exposed to vector populations at an early age, it is possible for ToCV to be spread to new areas through movement of transplants prior to symptom development. Another potential source of ToCV is the presence of weed hosts near production areas. Font and colleagues (9) identified Solanum nigrum L. infected with ToCV in Alicante and Murcia, Spain. Other reservoir hosts near field or greenhouse production areas also may serve as sources for whitefly populations that, ultimately, can carry the virus to the crop. Like other criniviruses, ToCV is not transmitted mechanically (7); thus, it is dependent on whiteflies to spread from plant to plant.
Over the past decade, whitefly populations have been increasing throughout the world. Associated with this increase has been an emergence of numerous whiteflytransmitted criniviruses (26) . Due to the increasing prevalence of criniviruses throughout the world and their impact on vegetable and fruit production, it is critical that the host range and vector relationships of these viruses be understood to develop effective and efficient management practices. To this end, we present here information on (i) the efficiency and persistence of ToCV transmission by each of four whitefly vectors, (ii) a list of plants that have been demonstrated to be hosts and nonhosts of ToCV, and (iii) a study of the relative amount of variability among ToCV isolates and, perhaps, a better understanding of factors influencing the epidemiology of ToCV.
MATERIALS AND METHODS
Virus isolates. The virus isolate used for host range and vector transmission analysis was obtained from a commercial tomato-producing greenhouse in Suwannee County, FL during January 1996, and is known as the Florida isolate (ToCV-FL; 28, 29) . This isolate has been maintained in tomato, Physalis wrightii Gray, and Nicotiana benthamiana Domin plants, and transferred from plant to plant via whitefly vectors, primarily B. tabaci biotype B and T. abutilonea. ToCV isolates used for sequence comparisons were obtained from symptomatic tomato plants from tomato greenhouses in Florida, Louisiana, and Colorado (29) , and from field tomato plants in Puerto Rico (27) and Israel (22) . These isolates were maintained at -80ºC as frozen plant and nucleic acid samples from previous studies. All nucleic acids were extracted by the method of Dellaporta et al. (6) . Because ToCV symptoms resemble those of TICV, all field and greenhouse samples were tested initially by two or more of the following methods: nucleic acid spot hybridization with RNA probes specific to either TICV or ToCV (29) , reverse-transcription polymerase chain reaction (RT-PCR) using primers that amplify either the complete 773-nucleotide (nt) ToCV coat protein (CP) gene (22) or a 325-nt section of the TICV HSP70h gene (forward: 5′ AAAAAGGTGGGTCGG-AGTCG 3′; reverse: 5′ CGGCAGATG-GTTCGTTATTATCC 3′), or by Western blot analysis using antiserum specific for TICV (8) . All samples of the isolates listed above tested positive for ToCV and negative for TICV in at least two types of tests, confirming that infection was from ToCV alone, and that there was no mixed infection with TICV.
Vectors. All whitefly colonies were maintained virus-free in insect-proof cages in isolated growth rooms at temperatures ranging from 26 to 32ºC on the hosts as described below. (29) , and by back-inoculation from test plants using 30 to 50 whiteflies per plant to P. wrightii, N. clevelandii, or N. benthamiana seedlings. These three species commonly are used as indicator hosts for criniviruses. ToCV symptoms on these indicator species are distinctive, consisting of interveinal yellowing and leaf brittleness on all three species.
Molecular analyses. Total nucleic acids were extracted according to the method of Dellaporta et al. (6) , and extracts were stored at -80ºC. Positive controls for ToCV consisted of ToCV-infected tomato, N. benthamiana, N. clevelandii, or P. wrightii. Negative controls consisted of virus-free plants of these and of test species. RT-PCR was used to amplify the 773-nt CP ORF of ToCV (28) using primers described in Segev et al. (22) . Total nucleic acid extracts (as well as positive and negative controls and reagent blanks) were reverse-transcribed using MMLV reverse transcriptase (Promega Corp., Inc., Madison, WI) with reaction conditions of 37ºC for 90 min, and cDNA was amplified with Taq DNA polymerase (Promega Corp., Inc.). Amplification conditions consisted of 5 min of denaturation at 95ºC, followed by 35 cycles of 95ºC for 1 min, 55ºC for 1 min, and 72ºC for 1 min, with a final extension at 72ºC for 10 min. RT-PCR reaction products were separated by electrophoresis in 1% agarose gels and stained with ethidium bromide to determine the presence or absence of target bands. PCR products were cloned using the TOPO TA Cloning Kit (pCRII-TOPO; Invitrogen, Carlsbad, CA) and used to transform Escherichia coli (either TOP10 cells [Invitrogen] or NovaBlue cells [EMD Biosciences, Madison, WI]) using standard conditions. Plasmids were prepared with the Qiagen Plasmid Mini Kit prior to sequencing. DNA sequencing was conducted by the University of Florida DNA Core Laboratory, Gainesville. Sequence alignment was conducted using MacVector 7.0 (Accelrys Inc., Carlsbad, CA) and Clustal W (23) .
Nucleic acid spot hybriq3dizations were performed as described by Wisler et al. (29) using digoxigenin-11-UTP-labeled RNA transcript probes. Transcript probes representing the CP coding region of the ToCV-FL isolate (22, 28) and the HSP70h coding region of TICV were used to test samples received from Florida, Louisiana, Colorado, Puerto Rico, and Israel using methods described by Wisler et al. (29) . The TICV transcript probe was generated by RT-PCR amplification and cloning of a 325-nt segment of the HSP70h region of an Orange County, CA isolate of TICV using the primers and cloning method described above.
RESULTS
Host range and symptoms. ToCV induces a yellowing disease of tomato. Symptoms of ToCV in tomato can appear within 3 to 4 weeks after the appearance of the whitefly vector. Early symptoms on tomato consist of light yellowing between veins on older leaves, resembling a nutrient deficiency. As the disease progresses, the yellowing develops acropetally with intensified interveinal yellowing. Bronzing and necrotic flecking often occur within the yellowed areas, and the margins of leaves curl upward. Leaves eventually become thickened and crispy, and snap easily when bent. Symptoms generally develop on lower and middle leaves first, with upper parts of plants appearing healthy. Bronzing and necrosis of the older leaves are accompanied by a decline in vigor and reduction in fruit yield (7, 29) . Symptoms of ToCV on tomato are indistinguishable from those induced by the related crinivirus, TICV (8) .
Diagnostic hosts that can be used to distinguish the two criniviruses include N. glutinosa L., which develops a severe interveinal chlorosis when infected with ToCV (Fig. 2) , but is not a host for TICV. Conversely, lettuce (Lactuca sativa L.) is not infected by ToCV, but develops severe interveinal chlorosis when infected with TICV, resulting in nearly white leaves with green veins. In addition, the two viruses can be distinguished by symptoms induced on N. clevelandii and N. benthamiana. TICV produces a necrotic flecking with interveinal yellowing on both species, whereas ToCV only induces a mild interveinal chlorosis.
In addition to tomato, ToCV was found to infect a broad range of 24 plant species from seven different families (Table 1) . Symptoms varied somewhat among hosts, but ToCV regularly induced severe yellowing or reddening symptoms, stunting, rolling, and brittleness of affected leaves in a wide range of weed and crop species. Species that naturally displayed red pigment tended to show intensification of red coloration in interveinal areas when infected. As the disease progressed, the discoloration developed acropetally. Plants tested that were unable to be infected by ToCV in the studies described here are listed in Table 2 .
Transmission efficiency by vector. Efficiency of transmission differed among the four whitefly species examined in these studies (Pearson, P < 0.0001). The most efficient transmission was observed with B. tabaci biotype B (BTB) and T. abutilonea (TAB) (Fig. 3) , which were equally efficient in transmission of ToCV to P. wrightii test plants, following a standard 24-h AAP on ToCV-infected P. wrightii and a 48-h IAP. ToCV was transmitted at low levels by individual whiteflies of both species, with 14% (7/50) transmission by individual BTB whiteflies and 8% (4/50) by individual TAB whiteflies. In addition, TAB and BTB transmitted at or near 100% efficiency when 40 whiteflies per plant were used in transmission experiments. Even 20 whiteflies per plant resulted in greater than 85% transmission by these vector species (Fig. 3) . B. tabaci biotype A (BTA), which is closely related to BTB, was significantly less efficient at transmitting ToCV (Fisher, P < 0.0001) (Fig. 3) . BTA, which was displaced in the United States by BTB, is a reasonably efficient vector of ToCV; however, unlike TAB and BTB, transmission was not observed with individual BTA whiteflies over the course of five experiments. Transmission efficiency increased with increasing numbers of BTA whiteflies per plant, but even 40 BTA whiteflies per plant only resulted in 74% (37/50) transmission.
T. vaporariorum (TVA) was the least efficient of the four vectors examined in these studies. No transmission was observed over five experiments with either 1 or 5 whiteflies, and only 4% (2/50) transmission occurred with 10 whiteflies (Fig.  3) . Maximum transmission was observed with 40 TVA whiteflies, but was only 34% (17/50).
Persistence by vector species. The four vectors were compared for ToCV persistence, or the duration for which 30 whiteflies were able to transmit virus to host plants by daily serial passage following a 24-h AAP on ToCV-infected P. wrightii plants. ToCV clearly persisted longer in TAB than in the other species tested (Fisher, P < 0.0001; Fig. 4) . Transmission efficiency by TAB was 95% (61/64) within the first 24 h following virus acquisition (seven independent experiments). Efficient transmission continued 2 days after acquisition (89%), but began to decrease by day three (47%). No transmission was observed by TAB 6 days after acquisition. In contrast, persistence was much shorter in BTB (P = 0.2669; Fig. 4 ), although this vector was equally efficient in transmission efficiency tests conducted the first day following a 24-h AAP (Fig. 3) . Transmis- Capsicum annuum L., Datura stramonium L.
a Capsicum annuum was reported as a host in Spain (15), but separate replicated, controlled tests on jalapeno and bell pepper failed to result in transmission in the experiments described herein, suggesting possible varietal susceptibility. sion by BTB was at 70% at 24 h following virus acquisition, decreased to 36% by the second day following acquisition, was 5% by the third day, and no longer occurred 4 days following acquisition (seven independent experiments). Transmission of ToCV by BTA and TVA, although not examined as extensively as for the more efficient vector species, only occurred for the first 24 h after acquisition based on data from two independent experiments for each species. No transmission was observed by these species after the initial 24 h following acquisition (Fig. 4) . Genetic variation among diverse isolates. ToCV isolates were obtained from field-and greenhouse-grown plants from Florida, Colorado, Louisiana, Puerto Rico, and Israel. Total nucleic acids were isolated from symptomatic leaves infected with these geographically distinct isolates. A 487-nt section of the CP gene from each of these isolates was amplified, cloned, and sequenced. The region compared corresponded to nucleotides 4,358 to 4,845 of ToCV RNA2 (28) , which showed an exceptionally high degree of genetic conservation among these isolates. All isolates from the continental United States and Puerto Rico shared at least 99% sequence identity at the RNA level. Comparison of deduced protein sequences revealed 100% identity among two isolates from Florida (AY903448 and DQ234675) and isolates from Colorado (DQ234674) and Louisiana (DQ234671). The isolate from Puerto Rico (DQ234672) shared 99% amino acid sequence identity with the U.S. isolates and there was 98% amino acid sequence identity between the isolates from the United States and Israel (DQ234673). All Western Hemisphere isolates shared 98% nucleotide sequence identity with the Israel isolate, and the Puerto Rico isolate shared 97% amino acid sequence identity with the Israel isolate.
DISCUSSION
One of the most remarkable biological properties of ToCV is its ability to be transmitted by four different whitefly vectors in two genera (29) . This is highly unusual for a whitefly-transmitted virus. Most whitefly-transmitted viruses are transmitted by a single genus of whitefly. For example, begomoviruses are transmitted by B. tabaci, whereas criniviruses are transmitted by either B. tabaci or by Trialeurodes spp., but not by both. Among criniviruses, only ToCV is known to be transmitted by species within both genera. Although this has been known since the initial characterization of this virus, the efficiency of transmission by the different vector species had not been investigated.
The studies presented herein demonstrate that ToCV can be transmitted with equal efficiency by both TAB and BTB, members of two different genera (Trialeurodes and Bemisia, respectively), and was achieved using individual whiteflies of either vector (Fig. 3) . Equally interesting is the finding that transmission by other members of these genera was much less efficient. Both BTA and TVA can transmit ToCV, but single insect transmission was not observed with either of these vectors over five independent experiments. Transmission efficiency with 40 viruliferous whiteflies, a large number for an inoculation, was 74% for BTA and only 37% for TVA (Fig. 3) .
A comparison of virus persistence in the two more efficient vectors, TAB and BTB, further illustrates the unique relationship ToCV shares with each vector. Although overall transmission efficiency is comparable between the two species (Fig. 3) , persistence of ToCV in TAB far exceeds that in BTB (Fig. 4) . Clearly, both of these more-efficient vectors retain virus in a transmissible form longer than either of the less-efficient vectors. However, TAB was able to transmit ToCV at a low level 5 days after feeding on an infected source, whereas BTB lost its ability to transmit after 3 days. ToCV persisted in BTA and TVA 24 h or less (Fig. 4) . The poor retention observed in the less-efficient vectors is not surprising, but the variation in persistence among efficient vectors was unexpected. ToCV is a semipersistent virus, and a specific association between the virus and factors associated with the vector likely is required for transmission. One possible explanation is that the relationship may be more efficient with TAB than it is with BTB, resulting in better virus stability reflected by longer persistence.
A number of factors likely contribute to crinivirus transmission efficiency and virus persistence in whitefly vectors. Recent studies with another crinivirus, Lettuce infectious yellows virus (LIYV), demonstrated that transmission by BTA is influenced not only by the number of whiteflies used for transmission but also by the amount of virus available for transmission (18) . The studies described herein confirm the effect of vector number on crinivirus transmission efficiency with multiple vectors, and also demonstrate that both efficiency of transmission and persistence can vary by vector species. Our results illustrate the unique relationships that occur between ToCV and its vector species, and suggest that ToCV may represent an evolutionary link between Trialeurodestransmitted criniviruses and those transmitted exclusively by Bemisia spp. This is supported by a phylogenic examination of crinivirus-encoded proteins (28) . Although little is known about the role of crinivirusencoded proteins in whitefly transmission, evidence based on deletion mutants suggests that the minor coat protein (CPm) of LIYV may be involved in its transmission by BTA (24) . Interestingly, the CPm of ToCV is phylogenically situated between similar proteins of both Trialeurodestransmitted and Bemisia-transmitted criniviruses (28) . A comparison of protein similarity found comparable levels of relatedness for the ToCV CPm with the CPm of TVA-transmitted Beet pseudo yellows virus (49%) and Potato yellow vein virus (44%), as well as with the BTBtransmitted Sweet potato chlorotic stunt virus (51%) and Cucurbit yellow stunting disorder virus (48%) (28) . It should be noted that other crinivirus-encoded proteins may be involved in whitefly transmission specificity as well; however, at this time, only the CPm has been implicated.
ToCV has a reasonably extensive host range, infecting at least 24 species from seven taxonomic families; and, although ToCV symptoms are indistinguishable from those induced by the related crinivirus, TICV, on tomato, the viruses can be distinguished readily by differential infection on a number of test plants. ToCV infects N. glutinosa L. and New Zealand spinach (Tetragonia expansa Murr.), whereas TICV does not. TICV infects shepherds-purse (Capsella bursa-pastoris L.), lettuce (Lactuca sativa L.), zinnia (Zinnia elegans Jacq.), and sowthistle (Sonchus oleraceous L.), whereas ToCV does not. In addition, N. clevelandii and N. benthamiana are excellent diagnostic hosts, due to differential symptom development. TICV produces necrotic flecking and interveinal yellowing on these hosts, but ToCV produces only the interveinal yellowing symptom. Lettuce and N. glutinosa are perhaps two of the best diagnostic hosts for differentiation of ToCV and TICV. N. glutinosa develops prominent interveinal chlorosis with ToCV infection (Fig. 2) , but cannot be infected by TICV. Lettuce develops an almost white interveinal chlorosis when infected with TICV, but cannot be infected by ToCV. Interestingly, sweet pepper (Capsicum annuum L.) was reported as a naturally infected ToCV host in Spain (15), but separate, replicated, controlled tests on jalapeno and bell pepper failed to result in transmission in the experiments described herein, suggesting possible varietal susceptibility.
Many studies on criniviruses have focused on comparison of sequences of the HSP70h, due to its high level of conservation among not only criniviruses, but all members of the family Closteroviridae (11). The gene is selected because it usually can be amplified with degenerate primers by RT-PCR from most viruses within the Crinivirus genus, making it a useful diagnostic tool for quick identification of a crinivirus. An analysis of HSP70h sequences deposited in databases indicated high levels of sequence conservation among geographically diverse isolates of ToCV. The HSP70h coding regions of all isolates for which sequence was deposited in GenBank were 97 to 100% identical when compared among themselves (AJ968394,  AJ968395,  AJ968396,  AY048854, AF215818, AF215817, AF233435, AF234029, and AY903448 [FL isolate]). Our studies did not examine the HSP70h coding region, because we were interested in looking at a potentially more variable region of the genome because it already was clear that the HSP70h region of ToCV isolates is highly conserved. The CP of ToCV shares much lower genetic similarity with other members of the genus Crinivirus (28), making it a good candidate. Interestingly, the CP also proved to be highly conserved, with all isolates sharing between 98 and 100% sequence identity at the amino acid level, and similar levels of conservation for viral RNA, based on analysis of a 488-nt sequence within the CP coding region. This suggests that relatively little genetic diversity exists among these ToCV isolates, and may indicate that they all originated from a single source. Four of the isolates in our study, Florida, Florida2, Colorado, and Louisiana, all were collected in the late 1990s (29) . The deduced CP sequences of these isolates were identical. The Puerto Rico isolate was collected in 2001 (27) , and the Israel isolate in 2004 (22) . The minor variation observed between these latter two isolates could be the result of change since geographic separation. It is likely, based on geographic proximity, that the Israel isolate originated from European sources, whereas the Puerto Rico isolate most likely originated from sources in the United States. It is possible that all of the isolates for which sequence is available represent a single initial introduction into tomato followed by inadvertent dispersal of ToCV throughout the world.
Once ToCV is introduced to a new area, its broad vector transmissibility and substantial host range makes it difficult to control and eradicate. The prevalence of ToCV vectors varies among different vegetable production areas throughout the world. In some areas, BTB is the predominant vector whereas, in others, TVA is more abundant. Viruses that are transmitted exclusively by a single vector species will not become established in an area where that vector is not present, even if inadvertently introduced. ToCV, however, has the ability to be transmitted by a broad array of vector species, possibly even more than the four species examined here. Once introduced, ToCV can become established in weed, crop, and ornamental hosts found in many parts of the world, and potentially can move to new areas through vector transmission. This is of greatest concern in areas where TAB is found, due to the long persistence of ToCV in this vector; however, even the common BTB can transmit ToCV effectively even 2 days after acquisition.
This illustrates the importance of diagnosing and controlling criniviruses in agriculture. Many criniviruses, including ToCV, resemble nutritional deficiencies, and often are misdiagnosed and disregarded until symptoms become widespread and the virus has become established in local weed populations. In addition, symptoms usually do not develop on infected host plants for at least 3 weeks and sometimes longer. Consequently, infected transplants easily can be moved from nurseries to field locations prior to the development of symptoms. A prudent approach would be to include ToCV, TICV, and other criniviruses in virus indexing programs not only for tomato, but also for other transplanted vegetable and ornamental crops. This ultimately may reduce the international movement of criniviruses and diminish their impact on agriculture.
